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Available online 16 May 2015AbstractConventional rolling experiments via the embedded pin in rolling sheet method were carried out at different reduction rates, starting rolling
temperatures, and rolling speeds, and the effects of rolling parameters (i.e., temperature, equivalent strain, and rolling time) on dynamically
recrystallized (DRX) microstructures of AZ31 alloy during hot rolling were studied quantitatively. The temperature-strain dependence of the
high-angle grain boundary fraction (HAGB%) was examined through electron backscattered diffraction. Results showed that as-rolled micro-
structures with high HAGB% may be obtained under average rolling temperatures of 270e320 C, equivalent strains higher than 0.8, and a
rolling speed of 246 mm/s. These results may be related to the DRX kinetics and dynamic recovery which are controlled by deformation
temperature and strain. HAGB% decreased with increasing rolling time (decreasing rolling speed), which is attributed to dynamic recovery, and
the recrystallized grain size decreased as rolling time increased. However, further increases in rolling time increased average grain sizes but
decreased mean subgrain sizes; these results are attributed to increases in the low-angle grain boundary (LAGB) length per unit area with rolling
time. LAGB formation was controlled by dynamic recovery, which consistently follows polygonization or formation of new subgrains inside
larger grains; hence, average subgrain sizes decreased with the rolling time. The effect of dynamic recovery on HAGB and LAGB formation and
their related mechanisms over a wide range of strains and temperatures were discussed in detail.
Copyright 2015, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V. All rights reserved.
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Magnesium alloys are the lightest commercial structural
alloys currently available. These alloys have significant po-
tential applications in the automotive and electronic industries
because of their low density, high specific strength, and good
damping characteristics. However, the use of wrought mag-
nesium alloys is fairly limited because these materials also
feature low ductility and formability at ambient temperature* Corresponding author. Tel.: þ86 411 84106527.
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during hot deformation of magnesium alloys is necessary to
enhance their ductility and formability. Conventional rolling is
a suitable technique for producing large-sized sheets; such
sheets do not require complex roll shapes and may potentially
meet industrial needs [5]. To date, a significant amount of
research has been performed to examine microstructural
changes in magnesium alloys during hot rolling [6e11]. Both
grain refinement and basal texture control during hot rolling
are important to enhance the formability and ductile behavior
of magnesium alloy sheets at room temperature [12,13].
Multi-pass rolling tests in previous studies were conducted by
adopting different reductions per pass, thereby yielding
marked differences in strain and rolling temperatures forngqing University. Production and hosting by Elsevier B.V. All rights reserved.
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on the temperature-strain dependence of the microstructural
evolution of AZ31 alloy are absent in the literature. To obtain
better control over the resulting microstructures during hot
rolling of AZ31 alloy, further experimental studies, specif-
ically quantitative analyses of microstructure evolution, are
required.
Several dynamic recrystallization (DRX) mechanisms
occurring according to the deformation conditions, including
twinning DRX, continuous DRX (CDRX), and rotational DRX,
have been proposed [14e17]. The CDRX mechanism was
emphasized by some researchers as a critical consideration in
substructure formation [15,17]. The microstructural restoration
mechanism operating in CDRX is principally dynamic recov-
ery. Dynamic recovery and DRX are competing processes
driven by the energy stored during hot deformation. Once DRX
has occurred, deformation substructures no longer exist and,
hence, no further recovery can take place [18]. This observa-
tion explains why the effects of dynamic recovery on recrys-
tallization in magnesium alloys and the related mechanisms
over a wide range of strains and temperatures during hot rolling
remain unclear. In our previous studies, the strain distribution
in different hot rolling conditions was calculated quantitatively
by a new numerical integration method combined with
experimental methods [19,20]. The evolution of high-angle
grain boundaries (HAGB) and low-angle grain boundaries
(LAGB) during hot rolling was examined via electron back-
scatter diffraction (EBSD). While HAGB formation is known
to strongly depend on equivalent strain [20], quantitative in-
vestigations on the microstructural evolution of magnesium
alloys over a wide range of rolling strains and temperatures
have not been conducted. The main objective of the present
work is to study the temperature-strain dependence of the
microstructural evolution of AZ31 alloy during hot rolling.
Specific attention is given to the analysis of dynamic recovery
effects on HAGB and LAGB formation and their related
mechanisms over a wide range of strains and temperatures.
2. Experimental
The magnesium alloys used in the present study were hot-
rolled alloys made from commercially available MgeAleZn
(AZ31BeO) sheets of 10 mm thickness. Prior to the defor-
mation experiments, the sheet was hot-rolled to 5.6 mm thick
at 400 C in four passes and subsequently cooled in air. After
annealing at 450 C for 30 min, starting sheets measuring
5.6 mm  40 mm  150 mm presented a fully recrystallized
microstructure with a mean grain size of 26.4 mm and a typical
rolling texture with the c-axis lying parallel to the normal
rolling direction (ND), as shown in Fig. 1(a) and (b). Fig. 1(c)
and (d) adopt and illustrate the embedded pin in rolling sheet
method. One as-caste magnesium alloy pin with a diameter of
2.8 mm was embedded into the mid-width location of the
sheets with the central axis parallel to the ND to evaluate the
shear strain distribution through the sheet thickness. The
starting sheets were held for 30 min in an electric furnace at
300, 350, 400, 450, or 500 C, and conventional rolling wascarried out at different reduction levels of about 22%, 30%,
35%, or 39% in one pass. The rolling speeds were set to 367,
246, and 174 for 35% reduction at 300, 400, and 500 C
rolling, respectively. All other rolling procedures were per-
formed at a constant rotation speed of 246 mm/s. Two high-
rolling mills with rolls of 200 mm in diameter were used in
this study. Both rolls were kept at room temperature without
lubrication on the roll surfaces. Table 1 lists the detailed
rolling conditions. The rolled sheets were cooled in ice water
within 2 s after rolling to freeze the microstructure for
measurements.
Specimens for EBSD analysis were electro-polished in a
solution of HNO3, CH3OH, and glycerin. Measurements were
taken at two different locations in the plane normal to the TD
direction. Surface areas of 200 mm (ND)  150 mm (RD) were
automatically scanned with a step size of 0.8 mm for all
specimens using the TSL OIM Data Collection ver. 5.31
program built into the Philips XL30-FEG-SEM. HAGB% and
LAGB% were calculated on the OIM maps using the con-
ventional point technique. Average grain size was calculated
by the following formula:
D
 ¼
PN
1 AiDiPN
1 Ai
ð2:1Þ
where Ai is the area of grain i and Di is the diameter of grain i.
The mean subgrain size was determined by the intercept
length method and averaged in the vertical and horizontal
directions. The rolling strain in the thickness direction of the
sheets was calculated using the embedded pin in rolling sheet
method [20]. The temperature distribution during hot rolling
and average rolling temperature of the rolled sheets were
obtained through thermomechanical analysis by the finite
difference method.
3. Thermomechanical analysis
The geometry of the model consisted mainly of two parts,
namely, the roll and the sheet. Symmetry along the centerline
of the sheet is shown in Fig. 2. The initial sheet was 5.6 mm
thick and modeled with 30 elements in the through-thickness
(y) direction. Previous calculations reveal that thermal ef-
fects on the work rolls do not extend beyond 5 mm [21]. The
work roll was modeled with 30 elements in the radial direc-
tion, and Table 2 lists the rolling parameters and material
properties. During the hot rolling process, the temperature
distributions in the sheet (TS) and work roll (TR) were
calculated using the following heat conduction equations:
vTSðy; tÞ
vt
¼ ls
rs$cs
$
v2TSðy; tÞ
vy2
þ q
rs$cs
ð3:1Þ
vTRðy; tÞ
vt
¼ lR
rR$cR
$
v2TRðy; tÞ
vy2
ð3:2Þ
where the parameters in Eqs. (3.1) and (3.2) are listed in Table
3.
Fig. 1. (a) OIM map of the AZ31B alloys in 5.6 mm thickness after 450 C pre-heating. (b) (0001) pole figure of the corresponding microstructure. (c) Method of
embedded pin in rolling sheet. (d) Optical micrographs of the embedded pin interface after one pass rolling in 35% reduction.
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tion between the roll and sheet (QF) can be expressed by the
following equations:
QP ¼ A
Z
s

$ε

dV ð3:3ÞTable 1
Rolling conditions.
TEMP./reduction ~21% ~30% ~35% ~39%
300 C B B B⋄△
350 C B B
400 C B B B⋄△ B
450 C B B
500 C B B B⋄△ B
Rolling speed: ⋄ 367 mm/s,B 246 mm/s,△ 174 mm/s.QF ¼ A
Z
uPjDUjdS ð3:4Þ
where
s: effective flow stress;
ε: effective plastic strain;
u: coefficient of friction;
P: average rolling force;
DU: relative glide velocity between sheet and rolls; and
A: mechanical equivalent of heat.
The thermal boundary conditions are given by the
following equations.when y ¼ 0; t ¼ 0;
TSð0;0Þ ¼ 1
2
ðTSð0;0Þ þ TRð0;0ÞÞ ð3:5Þ
Fig. 2. FDM model of the work roll and Mg sheet.
Table 2
Thermal-mechanical analysis conditions.
Rolling parameters
Sheet thickness, hin 5.6 mm
Rolling reduction in one pass rolling 20%, 30%, 35%, 40%
Element in thickness direction of sheet 0.2 mm
Initial temperature of sheets 300e500 C (homogeneous)
Operating speed of work rolls 174, 246, 367 mm/s
Diameter of work rolls 200 mm
Coefficient of friction 0.3
Material properties (AZ31B)
Thermal conductivity of AZ31alloys 70 kcal/m h C
Density of AZ31alloys 1.74 g/cm3
Specific heat 0.245 cal/g C
Roll properties (SKD61)
Thermal conductivity of work rolls 38 kcal/m h C
Density of work rolls 7.5 g/cm3
Specific heat 0.124 cal/g C
Room temperature 17 Ce20 C
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Tsð0; tþ 1Þ ¼ Tsð0; tÞ þ l
r$c

ls

TSð1; tÞ  TSð0; tÞ
Dy

þ lR

TRð1; tÞ  TRð0; tÞ
Dy

dt
ð3:6Þ
Fig. 3(a) shows the predicted temperature change at
different thickness locations in the rolled sheets during hotTable 3
Parameters in equations (3.1) and (3.2).
TS, TR Temperature in the sheet and work rolls,
C
lS, lR Thermal conductivity of magnesium AZ31sheet
and work rolls, kcal/m h C
rS, rR Density of AZ31 alloys and work rolls, g/cm
3
CS, CR Specific heat of AZ31 alloys and work rolls, cal/g
C
q A heat generation from plastic work and friction
between rolls and AZ31 alloy sheetrolling. When the sheets were heated to 400 C, 39% rolling
reduction was observed. From the temperature distribution
shown in Fig. 3(a), the following features may be found:
The temperature of the sheet surface decreased over 100 C
when the sheet came into contact with the rolls. This rapidFig. 3. Temperature history of (a) rolled sheet for a 400 C starting rolling
temperature at different thickness locations (h/hin ¼ 0.5, 0.25, 0.15 and 0.05)
and (b) center and surface layers with different rolling reductions of 21.8%,
29%, 34.2% and 39% in the roll bite.
Fig. 4. OIM grain boundary maps of the (a) surface and (b) center layers of the
rolled AZ31 alloys with rolling reduction ratios of 21.8%, 29%, 34% and 39%
and a starting rolling temperature of 400 C.
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the work roll [22].
1) A significant temperature gradient exists between the
surface and the center of the sheet. The maximum dif-
ference in temperature between the center and surface
layers is around 130 C in the roll bite.
2) The temperature difference between the center and surface
layers at the exit is about 40 C.
3) The rolling temperature decreases by about 100 C and
150 C in the center and surface layers, respectively,
during the journey from the entrance to the exit.
Fig. 3(b) shows predicted temperature changes at the center
and surface layers with rolling reductions of 21.8%, 29%,
34.2%, and 39% during hot rolling. A few differences in
average rolling temperature may be observed in the same
thickness layer when sheets are heated to the same tempera-
ture but rolled at different thickness reductions.
4. Results and discussion
Fig. 4(a) and (b) show OIM grain boundary maps of the
surface (h/hout ¼ 0.15) and center (h/hout ¼ 0.5) layers of the
rolled AZ31 alloy with rolling reduction ratios of 21.8%, 29%,
34%, and 39% and a starting rolling temperature of 400 C;
the calculated equivalent strains are also indicated in the fig-
ures. In these maps, HAGB (15 & q < 180) is marked by
bold dark lines, whereas LAGB (2 & q < 15) is marked by
thin red lines. The microstructures show different average
grain sizes and DRX fractions. The microstructures in both
surface and center regions are considerably inhomogeneous,
consisting of fine grains with HAGB and a number of coarse
grains containing subgrains with LAGB. Microstructural dif-
ferences between the center and surface layers were discussed
in detail in our previous investigation [20]. Thus, changes in
the microstructures at different reduction ratios are empha-
sized in the present study. The area of developed fine grains
increases with increasing reduction ratio, and average grain
sizes decrease. Temperature analyses reveal a temperature
difference of approximately 20 C in the same thickness layer
when the sheets are heated to the same temperature but rolled
at different reduction ratios [Fig. 3(a)]. As such, considering
that significant visible differences in the microstructures of the
same layer result from differences in rolling strains is
reasonable.
A large residual shear strain can be introduced to the sur-
face layer of the rolled sheet because of the large friction
between the sheet surface and rolls particularly in the case of
no-lubrication rolling [23]. The residual shear strain in the
center layer is nearly zero but gradually increases from the
center to near the surface. Furthermore, the residual shear
strain is uniaxial shear strain, which involves minimal cross
shear strain. This type of strain results in slight residual dis-
locations in the surface layer. HAGB and LAGB formations
are strongly affected by the residual shear strain [20]. There-
fore, changes in HAGB% as a function of the equivalent strain
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article. The quantitative data of HAGB% measured by EBSD
are used to describe the microstructural evolution during the
hot rolling.
Fig. 5(a) and (b) show changes in HAGB% with equivalent
strain at the center and surface layers of AZ31 alloy sheets
rolled at starting temperatures of 300, 400, and 500 C. HAGB
% increases with the equivalent strain at lower strain ranges in
both cases and reaches saturation at higher equivalent strains.
Dislocations produced by strain hardening accumulate pro-
gressively at the LAGB in magnesium alloys, thereby
increasing their misorientation angles and HAGB formation,
especially when a critical value (15) of the misorientation
angle is reached [24]. These experimental results suggest that
the transition rate of LAGB into HAGB differs at various
rolling temperatures. HAGB% increases with strain at lower
strain ranges because the transition rate of LAGB into HAGB
is higher than that of LAGB formation. However, at higher
strain ranges of ε > 1, HAGB% exhibits a steady state becauseFig. 5. Changes in HAGB% with equivalent strain at (a) the center and (b)
surface layers of AZ31 alloys sheets rolled at starting temperatures of 300, 400
and 500 C.changes in both HAGB and LAGB may be minimal with
increasing stain. HAGB% increases with increasing rolling
temperature at the center layers. By contrast, the surface layers
of 500 C rolled samples show no obvious differences in
HAGB% compared with that of 400 C rolled samples; this
phenomenon may be attributed to grain growth and dynamic
recovery, which are accelerated by higher rolling temperatures
through thermally activated recovery processes. Consumption
of dislocations by grain growth and dynamic recovery could
lead to decreases in dislocation density within the grains and
consequent decreases in HAGB%.
Fig. 6 shows OIM micrographs of samples rolled at the
same rolling reduction ratio of ~35% but at starting rolling
temperatures of 300, 400, and 500 C. The refined grain size
and DRX degree significantly differ among the microstruc-
tures studied. The recrystallized grain size increases with
increasing rolling temperature, and the microstructure ob-
tained from the surface layer of the sample rolled at a starting
rolling temperature of 400 C seems to present the maximum
degree of DRX. This result suggests that the maximum DRX
fraction is likely obtained at moderate rolling temperatures.
HAGB% values at the center and surface layers with different
equivalent strain ranges are plotted as a function of the
starting rolling temperature in Fig. 7. Although the data are
somewhat scattered, linear fitting of these points reveals that
HAGB% increases linearly with the starting rolling tempera-
ture; slightly different slopes at low, moderate, and high strain
levels at the center layers may be observed [Fig. 7(a)]. For all
rolling temperatures tested, the highest values of HAGB%
occur at moderate strains (0.47 < εeq < 0.51). HAGB% at the
surface layers shows different trends at the four strain levels
examined, as shown in Fig. 7(b). (1) At low strain levels
(0.31 < εeq < 0.43), the curve shows a trend similar to that
observed for the center layers, and HAGB% increases with
increasing strain. (2) At moderate strain levels
(0.54 < εeq < 0.73; 0.81 < εeq < 1.1), HAGB% shows extreme
values at starting rolling temperatures of 350e400 C and
then either slightly decreases or achieves a steady state. (3) At
large strain levels (1.1 < εeq < 1.5), as described above,
HAGB% decreases with increasing rolling temperature. Re-
sults thus far reveal that microstructural changes in AZ31
alloy during hot rolling depend not only on the rolling tem-
perature but also on the equivalent strain. Thus, examining the
microstructural development of the alloys and related mech-
anisms using a thermal-mechanical processing map is
necessary.
Fig. 8 presents contour maps of HAGB% changes with
equivalent strain and average rolling temperature at the center
and surface layers. The temperature history in the roll bite is
more important than the starting rolling temperature because
of its strong influence on deformation microstructures. Thus,
the average rolling temperature is used here. HAGB% shows
different temperature-strain dependencies at the surface and
center layers. At center layers [Fig. 8(a)], HAGB% increases
with average rolling temperature and reaches maximum values
(65%) when the average rolling temperature is 430 C and
the equivalent strain is 0.38e0.42; at equivalent strains 0.45,
Fig. 6. OIM micrographs of samples rolled at the same rolling reduction of ~35%, but at starting rolling temperatures of 300, 400 and 500 C.
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creases with increasing equivalent strain and reaches
maximum value (75%) when the average rolling temperature
is 270e320 C and the equivalent strain is 0.8. The different
HAGB% trends observed between surface and center layers
may result from variations in the strain state of the two layers
during hot rolling. The strain state of the surface layer com-
bines the effects of both planar strain compression and re-
sidual shear, as mentioned above. Larger strains at surface
layers are produced by higher residual shear strains. This re-
sidual shear strain results in increases in the energy required
for material deformation, which is believed to have a profound
effect on HAGB formation and grain refinement [25,26].
Therefore, HAGB% increases with equivalent strain at the
surface layers [Fig. 8(b)]. By contrast, strains at the center
layers generally involve more cross shear strain, which differs
from case of surface layers. Such strain-dominated regions
may generate more residual dislocations in crystal cells that
can eventually become sources of LAGB formation [20]. In a
previous study [20], the LAGB length per unit area at the
center layers was verified to be roughly twice that at the
surface layers by comparing rolled samples with the same
equivalent strain but different residual shears. Therefore,
larger cross shear strains will result in formation of more
LAGB. The larger the equivalent strain, the more extensively
HAGB forms. Consequently, the largest HAGB% can beobtained from moderate strain ranges at the center layers, as
shown in Fig. 8(a). Microstructures with a large fraction of
LAGB are intrinsically unstable because of discontinuous
growth [18]. During deformation, the average boundary
misorientation increases, and the microstructure becomes
progressively more stable against discontinuous growth as
strain increases. Therefore, the conditions of strain and tem-
perature result in sufficient HAGB% to ensure microstructural
stability [18]. In the present study, the most stable micro-
structures at the surface layers of as-rolled AZ31 alloy are
obtained under appropriate rolling conditions, average rolling
temperatures of 270e320 C, equivalent strains of 0.8, and a
rolling speed of 246 mm/s.
The complicated temperature-strain dependency of HAGB
% in magnesium alloys may be associated with different
deformation mechanisms at different rolling conditions. In
previous studies, recovery kinetics increases at higher rolling
temperatures in AZ31 alloy [15]. Dynamic recovery results in
organized dislocation walls within the LAGB, in the same
way as in static recovery. Therefore, dislocations generated
by rolling deformation are exhausted during LAGB forma-
tion at high rolling temperatures, which may lead to de-
creases or no further increases in HAGB% at high rolling
temperature ranges, as shown in Fig. 8(b). Temperature and
deformation strain are two important factors affecting the
kinetics of both DRX and dynamic recovery. Dynamic
Fig. 7. Changes of the HAGB% at the (a) center and (b) surface layers with
different strain ranges plotted as a function of starting rolling temperature for
AZ31 alloy sheets.
Fig. 8. Contour maps of HAGB% change with the average rolling temperature
and equivalent strain at the (a) center and (b) surface layers.
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driven by the energy stored during deformation [18]. The
driving force for DRX decreases under low rolling temper-
atures. Consequently, HAGB formation cannot easily occur
because of the smaller driving force for DRX at lower rolling
temperatures despite larger strains. By contrast, at higher
rolling temperatures, the driving force for DRX increases and
dynamic recovery is simultaneously enhanced, leading to
more extensive dislocation annihilation and decreases in
dislocation density inside grains or subgrains. As a result,
less HAGB is formed. Because dynamic recovery kinetics is
fairly slow for moderate rolling temperatures, dislocations
generated by deformation can be effectively transformed into
HAGB. This result is believed to be related to the control of
dynamic recovery kinetics by deformation temperature and
strain. In the present study, DRX is maximum at the average
rolling temperature range of 270e320 C and equivalent
strains of 0.8. Hence, dynamic recovery may be a dominant
mechanism when the average rolling temperatures and strains
are out of this range.
The rate of dynamic recovery is given by the following
equation:ds
dt
¼c exp
Q
kT

ð4:1Þ
where s is the internal stress, t is the time, Q is the active
energy, c and k are constants, and T is the temperature [27].
Dynamic recovery is controlled not only by rolling tempera-
ture and activation energy but also by rolling time. Fig. 9
shows the grain boundary maps of samples rolled at
different speeds with identical reduction ratios of 35% and a
starting rolling temperature of 400 C. Rolling durations
(rolling time in the roll bite) at rolling speeds of 367, 246, and
174 mm/s were calculated to be 0.038, 0.056, and 0.078 s,
respectively. Remarkably different microstructures may be
observed at different speeds in both layers. The microstructure
at the surface layer of the sample obtained at the highest
rolling speed of 367 mm/s is dominated by fine and homo-
geneous DRX grains, which suggests that fully recrystallized
microstructures can be obtained at the surface layer under
high-speed rolling. The fraction of DRX grains and recrys-
tallized grain sizes also decrease with increasing rolling time.
HAGB% were examined and plotted with the starting rolling
temperatures, as shown in Fig. 10. HAGB% at the surface
Fig. 9. OIM Grain boundary maps of samples rolled at different speeds of 367 mm/s, 246 mm/s and 174 mm/s with identical reduction of 35% and a starting rolling
temperature of 400 C.
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ture of 400 C (corresponding to an average rolling tempera-
ture of about 320 C) and all rolling speeds. This result is in
good agreement with the above observations [Fig. 8(b)].
HAGB% also decreases with decreasing rolling speed for each
starting rolling temperature investigated.
To investigate the influence of rolling time on microstruc-
tural evolution further, HAGB and LAGB lengths per unit area
were plotted as a function of rolling time, as shown in Fig. 11.
HAGB is scarcely influenced by rolling time, whereas LAGB
length per unit area is strongly affected by this parameter.Fig. 10. HAGB% plotted with starting rolling temperature of AZ31 alloys
sheets rolled with 35% reduction in various rolling times.LAGB length per unit area increases with rolling time at each
starting rolling temperature. As rolling time increases, in-
creases in dislocation annihilation with dynamic recovery can
lead to lower dislocation densities in rolled samples, thereby
resulting in insufficient dislocation density for HAGB forma-
tion. Consequently, more LAGB is formed inside coarse grains
at longer rolling time. LAGB formation is significantly
controlled by recovery, which is a function of time, as deter-
mined by Eq. (4.1). The results clearly demonstrate that the
DRX mechanism of magnesium alloys during hot rolling is a
strong recovery process, rather than a classical recrystalliza-
tion phenomenon, characterized by nucleation and nucleus
growth. All of the samples in Fig. 9 were rolled to 35%
reduction, at which point approximately the same equivalent
strains are generated in both layers. Therefore, HAGB length
per unit area shows no marked change with rolling time
[Fig. 11(a)].
Fig. 12 illustrates changes in average grain and subgrain
sizes with rolling time. The average grain size increases with
rolling time. Increases in average grain size with longer rolling
times may be attributed to increases in the coarseness of grains
remaining in the microstructures. By contrast, the average
subgrain size decreases with rolling time, as shown in
Fig. 12(b); this result may be attributed to increases in LAGB
length per unit area with rolling time. LAGB formation is
controlled by dynamic recovery, which consistently follows
polygonization or formation of new subgrains within grains;
hence, the average subgrain size decreases with rolling time.
Some researchers have postulated a hypothesis to explain why
recrystallized grains show a decreasing trend in size with
increasing rolling time: Dynamic recovery performs an
Fig. 11. Rolling time dependency of the (a) HAGB and (b) LAGB length per
unit area of rolled microstructures for AZ31 alloy.
Fig. 12. Changes in average (a) grain and (b) subgrain sizes with rolling time
of rolled microstructures for AZ31 alloy.
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time increases, dynamic recovery occurs more extensively and
a gradual release of energy stored near grain boundaries, rather
than a sudden release during DRX, takes place [28]. The
stored energy is reduced by polygonization or dislocation
annihilation; thus, smaller sizes of DRX grains form along the
boundaries of coarse grains.
5. Conclusions
In summary, the effects of rolling temperature, equivalent
strain and rolling time on DRX microstructures in AZ31 alloy
at a strain range of 0.25e1.4, starting temperatures from
300 C to 500 C, and rolling speeds of 367, 246, and 174 mm/
s were studied in the present work. The dynamic recovery
effect on HAGB and LAGB formation and their related
mechanisms over a wide range of strains and temperatures
were further analyzed. The main results may be summarized
as follows:1) HAGB% shows variations in temperature-strain depen-
dence between the surface and center layers of rolled
samples. HAGB% increases with average rolling tem-
perature and is largest when the average rolling temper-
ature is 430 C and the equivalent strain is 0.38e0.42.
The maximum HAGB% obtained at the center layer is
65%. HAGB% at center layers declines when the equiv-
alent strain is 0.45. At surface layers, however, this
parameter increases with increasing equivalent strain and
reaches maximum value (75%) when the average rolling
temperature is 270e320 C, the equivalent strain is 0.8,
and the rolling speed is 246 mm/s. These phenomena
result from the DRX kinetics and dynamic recovery,
which are controlled by the deformation temperature and
strain.
2) HAGB length per unit area is scarcely influenced by
rolling time, whereas LAGB length per unit area is
strongly affected by this parameter. LAGB length per unit
area increases with rolling time at each starting rolling
temperature. Therefore, HAGB% decreases with
increasing rolling time (or decreasing rolling speed).
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controlled by rolling time.
3) The recrystallized grain size and average subgrain size
decrease as the rolling time increases; these results are
attributed to increases in LAGB length per unit area with
rolling time. LAGB formation is controlled by dynamic
recovery, which consistently follows new subgrain for-
mation or polygonization inside larger grains. Hence,
average subgrain sizes decrease with rolling time.Acknowledgments
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